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	The	plant	cell	wall	 is	a	complex	network	composed	mainly	of	polysaccharides,	 the	most	abundant	biopolymers	on	earth	and	a	rich	source	of	biorenewable	materials.	Biosynthesis	 of	 these	 plant	 polysaccharides	 is	 poorly	 understood,	 largely	 due	 to	difficulties	 in	 the	 structural	 characterization	 of	 glycosyltransferases	 and	 lack	 of	suitable	 substrates	 for	 in	 vitro	 analysis.	 Xyloglucan	 Xylosyltransferases	 (XXTs)	initiate	 side-chain	 extensions	 from	 a	 linear	 glucan	 polymer	 by	 transferring	 the	xylosyl	group	from	UDP-xylose	during	xyloglucan	biosynthesis.	Here,	we	optimized	protein	expression	and	enzymatic	activity	conditions	of	XXTs	through	numerous	N-	and	 C-terminal	 truncations,	 various	 E.	 coli	 strains,	 solubility	 tags,	 and	 storage	conditions.	 This	 procedure	was	 used	 for	 protein	 expression	 of	 three	 XXTs	 (XXT1,	XXT2,	and	XXT5)	and	we	show	that	XXT5	is	catalytically	active	in	vitro,	though	at	a	significantly	 slower	 rate	 compared	 to	XXT1	or	XXT2.	As	no	 structural	 information	was	available	for	any	of	the	XXTs,	we	built	a	homology	model	of	XXT2.	This	model	was	used	to	predict	amino	acids	involved	in	UDP-xylose	binding	that	were	verified	through	mutagenesis.	We	subsequently	solved	the	crystal	structure	of	XXT1	without	ligands	 and	 in	 complexes	 with	 UDP	 and	 cellohexaose.	 XXT1,	 a	 homodimer	 and	member	of	 the	GT-A	 fold	 family	of	glycosyltransferases,	binds	UDP	analogously	 to	other	GT-A	fold	enzymes.	The	structures	detailed	here	combined	with	the	properties	of	mutant	XXT1s	are	 consistent	with	a	 SNi-like	 catalytic	mechanism.	Distinct	 from	other	 systems	 is	 the	 recognition	 of	 cellohexaose	 by	way	 of	 an	 extended	 cleft.	The	crystal	 structure	 of	 XXT1	 demonstrates	 that	 XXT1	 alone	 cannot	 produce	
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role for XyG in an extension process, but only for a very limited XyG portion located in close
proximity to cellulose aggregates (85).
XyG is also deposited during seed development in certain species, and it can comprise up to
42% of these seeds’ weight (25). There, it acts as a storage polysaccharide that can be rapidly
degraded upon germination to provide energy for the emerging seedling (28). In this case, XyG
does not interact with cellulose and thus is often water soluble.
STRUCTURE AND DIVERSITY
XyG is a β-1,4 glucan that can be substituted with a diverse array of glycosyl and nonglycosyl
residues (91, 105) (Figure 1). The type and order of XyG substituents depend on the plant species,
the tissue type, the cell type, and the developmental state of a cell (67, 83, 107). Because of the




















































Schematic structures of two types of xyloglucan (XyG): a typical XXXG-type fucogalactoxyloglucan (present
in the cell walls of, e.g., dicots) and a typical XXGGn-type acetoxyloglucan [present in the cell walls of, e.g.,
grasses (Poales)] (91). The corresponding one-letter codes from the XyG nomenclature (see Figure 2) are
shown below the pictograms. Additional abbreviations: Ac, acetyl group; Fuc, fucose; Gal, galactose; Glc,
glucose; Xyl, xylose.
www.annualreviews.org • Xyloglucan Biosynthesis 26.3
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Abstract	Glycosyltransferases	are	enzymes	which	transfer	an	activated	sugar	to	an	acceptor	substrate	such	as	polysaccharides,	peptide,	 lipid	or	various	small	molecules.	 In	the	past	 10-15	 years,	 substantial	 progress	 has	 been	 made	 in	 the	 identification	 and	cloning	 of	 genes	 that	 encode	 polysaccharide	 synthesizing	 glycosyltransferases.	However,	 majority	 of	 these	 enzymes	 remain	 structurally	 and	 mechanistically	uncharacterized.	 This	 short	 review	will	 focus	 on	 the	 questions	 in	 biochemistry	 of	polysaccharide	synthesizing	glycosyltransferases	to	be	answered	in	coming	years.				
Introduction	Plant	cell	walls	have	been	proposed	to	be	a	source	of	renewable	energy	in	the	form	of	 lignocellulosic	 liquid	 biofuels.	 In	 the	 past	 10-15	 years,	 significant	 progress	 has	been	made	in	understanding	of	cell	wall	polysaccharide	biosynthesis,	particularly,	in	identifying	and	characterizing	the	numerous	genes	involved	in	this	complex	process.	With	 respect	 to	 the	 challenges	of	 revealing	 the	genes	 required,	molecular	biology,	reverse-genetics,	and	genomics	has	provided	many	powerful	tools	and	significantly	
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advanced	 our	 understanding	 of	 plant	 cell	 wall	 formation.	 A	 significant	 body	 of	recent	 reviews	 describes	 the	 advances	 and	 the	 current	 state	 in	 understanding	 of	plant	 polysaccharide	 biosynthesis	 [1-5].	 However,	 the	 progress	 in	 biochemical	characterization	 of	 the	 gene	 products,	 glycosyltransferases,	 is	 being	much	 slower	and	currently	 falls	behind	 the	successful	genetic	studies.	 In	part,	 this	 is	due	 to	 the	low	solubility	of	these	enzymes	and	the	lack	of	suitable	enzyme	assays.	For	example,	the	small	stereochemical	differences	between	sugar	moieties	and	the	multiple	ways	these	moieties	can	be	linked	to	each	other,	which	were	used	by	nature	to	achieve	the	wide	diversity	of	 oligo-	 and	polysaccharide	present	 in	different	 types	of	plant	 cell	walls,	 limits	 selection	 of	 suitable	 substrates	 and	 complicates	 characterization	 of	products.	 Despite	 current	 limitations,	 the	 structural	 characterization	 and	mechanisms	of	catalysis	of	plant	glycosyltransferases	will	 certainly	be	a	subject	of	intensive	research	in	the	coming	years	due	their	essential	function	in	plant	cell	wall	biosynthesis.	We	present	here	the	brief	overview	on	the	long-standing	unanswered	questions	and	directions	we	believe	the	field	of	cell	wall	polysaccharide	synthesizing	glycosyltransferases	is	headed.		 Synthesis	 of	 the	 branched	 and	 heterogeneous	 polysaccharide	 structures	requires	 action	 of	 multiple	 specific	 glycosyltransferases	 and	 synthases	 which	transfer	a	donor	sugar	substrate	to	oligosaccharide	acceptor.	The	donor	substrates	are	 typically	 activated	 sugars	 such	 as	 nucleotide	 sugars	 (UDP	 or	 GDP-bound)	 or,	more	 rarely,	 phosphorylated	 sugars	 [6].	 The	 structures	 solved	 for	GTs	 from	other	organisms,	 the	majority	 of	 which	 are	 involved	 in	 glycosylation	 of	 small	 lipophilic	molecules,	 showed	 that	 the	 catalytic	domains	of	most	GTs	have	 two	 types	of	 fold,	
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GT-A	 and	 GT-B.	 However,	 the	 existence	 of	 the	 different	 type,	 GT-C	 was	 also	proposed	 [6].	 GT-A	 contains	 two	 β/α/β	 Rossmann-like	 folds	 tightly	 associated	forming	 a	 continuous	 β-sheet	 and	while	 GT-B	 also	 has	 two	 β/α/β	 Rossmann-like	folds,	 they	 are	 not	 tightly	 intertwined	 but	 face	 each	 other	 with	 the	 active	 site	residing	between	them.	GT-A	folds	are	metal	dependent,	which	is	coordinated	by	the	well	documented	DxD	motif	 [7],	while	GT-B	are	metal	 independent.	 In	addition	 to	these	two	structural	folds,	GTs	are	further	characterized	whether	the	chemical	bond	formed	 is	 an	 inversion	 or	 retention	 of	 stereochemistry	with	 respect	 to	 the	 donor	substrate.	The	most	common	donor	substrate	is	nucleotide	sugars	where	the	sugar	is	 linked	 via	 alpha	 bond.	 If	 a	 GT	 catalyzes	 the	 formation	 of	 the	 glycosidic	 bond	attaching	the	sugar	 to	 the	acceptor	molecule	via	beta	bond,	 the	stereochemistry	 is	inverted,	while	 if	 the	 new	 glycosidic	 bond	 formed	 is	 alpha	 the	 stereochemistry	 is	retained.	 The	 catalytic	 mechanism	 of	 inverting	 glycosyltransferases	 has	 been	demonstrated	to	be	a	direct	displacement	SN2-like	reaction	 in	which	an	active	site	residue	 acts	 as	 a	 general	 base	 to	 deprotonate	 the	 acceptor	 which	 performs	 a	nucleophilic	attack	on	the	donor	anomeric	carbon	[6].	The	mechanisms	of	retaining	glycosyltransferases	has	yet	to	be	elucidated	but	numerous	possibilities	have	been	proposed	 such	 as	 a	 double	 displacement	 mechanism	 or	 a	 front-side	 single	displacement	 (SNi)	mechansism	 [8,9,10].	 The	 plant	 cell	wall	 biosynthetic	 enzymes	are	found	in	at	least	three	of	these	classifications.		
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Glycosylsynthases	Cellulose	Synthase	(Ces)	and	Cellulose	Synthase-Like	(CSL)	are	integral,	membrane	proteins	 with	 multiple	 transmembrane	 domains	 (TD)	 which	 span	 the	 Golgi	membrane	(or	plasma	membrane	 in	 the	case	of	Ces)	multiple	 times	and	belong	 to	CAZy	family	GT2	[11].	The	first	solved	structure	for	a	protein	from	GT2	family	was	the	structure	of	 the	catalytic	domain	of	polysaccharide	synthesizing	protein,	SpsA,	from	 B.	 subtilis	 [12],	 which	 demonstrated	 that	 catalytic	 domains	 of	 GT2	 proteins	adopt	 GT-A	 fold.	 The	 3D	 structure	 of	 SpsA	 allowed	 prediction	 of	 the	 active	 site	amino	 acids	 important	 for	 substrate	 binding	 and	 catalysis	 [13]	 and	 served	 as	 a	prototype	 for	 the	 organization	 of	 other	 family	 GT2	 synthases.	 More	 recently,	 the	structure	 for	 R.	 sphaeroides	 Ces	 domains	 BcsA	 and	 BcsB	 demonstrated	 that	 TDs	form	a	pore	through	which	the	synthesized	glucan	chain	is	translocated	across	the	plasma	membrane	[14].	Another	study	resulted	in	a	3D	computational	model	of	the	predicted	 cytosolic	 domain	 of	 cotton	 CESA	 (GhCESA1)	 [15],	 which	 showed	 good	structural	agreement	between	BcsA	and	GhCESA1.	 In	both	structures,	 the	catalytic	residues	 within	 GT-A	 fold	 included	 the	matching	motifs	 DDG,	 DCD	 and	 TED.	 The	DDG	and	DCD	motifs	coordinate	UDP	and	divalent	cation	and	the	D	of	the	TED	motif,	most	 likely,	 acts	 as	 the	 catalytic	 base	 [14,	 16].	 The	 motif	 QRGRW	 in	 BcsA	 is	positioned	 near	 the	 plasma	membrane	 and	 was	 shown	 to	 interact	 with	 cellulose	acceptor	 substrate,	 whereas	 in	 GhCESA1	 a	 QVLRW	 motif	 was	 proposed	 to	 have	similar	function	and	similar	positioning	near	plasma	membrane	[16].	These	solved	structures	dismissed	 the	 long	standing	speculation	about	 two	active	sites	possibly	present	within	the	same	peptide	[17,	18]	to	explain	cellulose	synthesis,	presenting	
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Figure	 1.	 Proposed	 mode	 of	 action	 of	 CSLC4.	 Six	 predicted	 transmembrane	domains	(TD)	and	one	catalytic	domain	(CD)	residing	in	the	cytosol	are	shown.	The	catalytic	 domain	 transfers	 glucose	 from	 UDP-glucose	 to	 a	 growing	 glucan	 chain	which	is	channeled	through	the	protein	formed	pore	across	the	membrane	into	the	Golgi	lumen.	
	















extremely	difficult	due	to	the	lack	of	structural	similarity	and	diversity	in	chemical	bond	 formed,	 thus	 one	 cannot	 use	 a	 single	 well	 defined	 enzyme	 as	 a	 model	 for	another.	 For	 example,	 according	 to	 classification	 system	 based	 on	 amino	 acid	sequence	 [24,	 6]	 two	 glycosyltransferases	 with	 diverse	 specificity,	 Xyloglucan	Xylosyltransferase	 (XXT)	 involved	 in	 xyloglucan	 biosynthesis	 [25]	 and	Galacturonosyltransferase	 1	 (GAUT1)	 involved	 in	 homogalacturonan	 biosynthesis	[26]	 are	 retaining	 GTs	 with	 the	 GT-A	 fold.	 On	 the	 other	 hand,	 two	xylosyltransferases,	 which	 are	 involved	 in	 xylan	 biosynthesis,	 are	 classified	differently	 according	 to	 their	 sequences:	 Irregular	 Xylem	 14	 (IRX14)	 [27]	 is	 an	inverting	 enzyme	with	 the	 GT-A	 fold,	 whereas	 Irregular	 Xylem	 10-Like	 (IRX10L),	renamed	to	XYS1	[28],	 is	an	inverting	enzyme	with	the	GT-B	fold.	To	date,	none	of	plant	cell	wall	synthesizing	GTs	is	predicted	to	be	a	retaining	enzyme	with	the	GT-B	fold	[6].		Despite	this	difficulty,	there	are	few	well	characterized	enzymes	from	other	organisms,	which	 belong	 to	 the	 same	 gene	 families	 as	 plant	 cell	wall	 biosynthetic	enzymes	 and	 in	 some	 cases,	 like	 described	 above	 for	 Ces	 proteins,	 serve	 as	prototypes	for	initial	biochemical	analysis.			 In	addition	to	the	limitations	imparted	by	the	lack	of	structural	data,	it	is	also	difficult	to	deduce	any	information	in	regards	to	acceptor	substrate	binding	due	to	its	 complexity	 and	 diversity.	 This	 diversity	 of	 acceptor	 substrates	 requires	 the	screening	of	various	synthetic	acceptor	substrates,	which	are	not	readily	available,	for	 each	 specific	 glycosyltransferase.	 Cavalier	 and	 Keegstra	 [25]	 investigated	 the	position	and	processivity	of	XXT1	and	XXT2	catalysis	of	the	xyloglucan	backbone.	It	was	 found	that	both	XXT1	and	XXT2	are	capable	of	xylosylation	of	cellohexaose	at	
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two	 positions	 forming	 α-1,6	 bonds	 and	 all	 of	 the	 acceptor	 substrate	 was	 first	xylosylated	at	the	fourth	glucose	from	the	reducing	end	and	then	once	all	acceptor	was	monoxylosylated,	catalysis	proceeds	at	the	third	xylose	from	the	reducing	end	(Figure	2A).		These	results	indicate	that	both	UDP	and	the	xylosylated	acceptor	are	released	 and	 the	 xylosylated	 acceptor	 rebinds	 along	 with	 a	 fresh	 UDP-Xylose	 for	another	 round	 of	 catalysis	 (Figure	 2B).	 In	 addition,	 a	 oligoglucan	 with	 degree	 of	polymerization	 (DP)	 of	 six	 was	 found	 to	 be	 the	 most	 suitable	 as	 the	 acceptor	substrate,	and	enzyme	activity	decreased	with	DP	was	decreased.	Increasing	the	DP	further	(e.g.,	celloheptaose)	results	in	low	solubility	of	the	molecule	and	thus	could	not	 be	 analyzed,	 yet	 it	 cannot	 be	 ruled	 out	 that	 longer	 acceptor	 substrates	 may	further	increase	XXT2	activity.	In	contrast	to	this,	IRX10L/XYS1	was	found	to	have	an	 optimal	 DP	 of	 four	 and	 activity	 decreased	with	 less	 or	 higher	 DP	 [28].	 This	 is	intriguing	because	XXT	catalyze	addition	of	sugar	in	the	middle	of	the	chain,	while	IRX10L/XYS1	 glycosylated	 at	 the	 non-reducing	 end.	 Yet	 it	 is	 difficult	 to	 compare	these	 two	enzymes	because	XXTs	are	retaining	enzymes	with	predicted	GT-A	 fold,	and	IRX10/XYS1	is	inverting	enzyme	with	predicted	GT-B	fold	GT.		 There	 are	 also	 putative	 non-catalytic	 GTs	 involved	 in	 plant	 cell	 wall	biosynthesis	 including	 GAUT7,	 IRX9,	 and	 IRX14	 [26,	 29].	 XXT5	 has	 also	 been	proposed	 to	 be	 non-catalytic	 due	 to	 lack	 of	 in	 vitro	 activity,	 yet	 no	 evidence	 has	confirmed	 this	 [30].	 The	 function	 of	 these	 enzymes	 has	 been	 proposed	 to	 anchor	other	catalytic	GTs	to	the	golgi	membrane	which	lack	TDs	or	to	channel	the	donor	substrate	 to	 the	 active	 enzyme.	 For	 example,	 GAUT1	 TD	 is	 post-translationally	proteolytically	 cleaved	 in	vivo	 yet	 is	 retained	 in	 the	Golgi	 via	physical	 interactions	
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with	GAUT7	 [26],	 and	 IRX14	was	 proposed	 to	 channel	UDP-Xylose	 to	 IRX10	 [29].	However,	 the	 hypothesis	 about	 IRX14	 functioning	 has	 yet	 to	 be	 experimentally	confirmed.	
	
Figure	 2.	 Proposed	 mode	 of	 action	 of	 XXT1	 and	 XXT2.	 A)	 Positions	 of	xylosylation	 and	 the	 main	 product	 formed,	 GGXGGG,	 which	 is	 then	 released	 and	rebound	 for	 the	 second	 xylosylation	 which	 primarily	 forms	 GGXXGG.	 B)	 	 Kinetic	mechanism	 of	 XXTs	 showing	 that	 both	 products	 are	 released	 before	 the	 second	xylosylation	 occurs.	 Based	 on	 previous	 reports	 for	 other	 retaining	 GT-A	 fold	glycosyltransferases,	it	is	plausible	that	UDP-xylose	binds	first	followed	by	acceptor	binding,	yet	no	data	has	been	reported	to	confirm	this.	E:	Enzyme;	A:	UDP-xylose;	B:	Cellohexaose;	 P:	 UDP;	 Q:	 Monoxylosylatedcellohexaose;	 R:	Bixylosylatedcellohexaose		
Concluding	Remarks	Genetic	studies	have	significantly	advanced	the	field	of	plant	cell	wall	biology,	and	 currently,	 most	 of	 GT	 gene	 families,	 members	 of	 which	 are	 predicted	 to	 be	involved	 in	 cell	wall	polysaccharide	biosynthesis,	possess	at	 least	one	 functionally	characterized	plant	GTs.		However,	a	simple	gene	family	assignment	is	not	sufficient	
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Production	of	transgenic	plants.	PCR-amplified coding sequences were 
ligated into the pCR8/GW/TOPO entry vector (Invitrogen) as described in the 
manufacturer’s instructions. The ligation product was transformed into E. coli DH10b 
and selected on LB agar plates with 50 µg/mL spectinomycin. The mutated gene in the 
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entry construct was transferred into the binary destination vector pEarleyGate 201 (Basta 
resistant) (TAIR). The binary destination vector was transformed into Agrobacterium 
GV3101 by electroporation. Arabidopsis was transformed using the floral-dip method 
(Clough and Bent, 1998). Plants were grown under long day conditions (16 hr light / 8 
hr dark) at 22°C in a growth chamber. 	
Examination	of	protein	expression	in	transgenic	plants.	Total membrane 
protein was extracted from 40 to 80 seedlings. The seedlings were ground in 10 mL 
protein extraction buffer (40 mM HEPES, 0.45 M sucrose, 1 mM EDTA, 1 mM MgCl2, 
1 mM KCl, 1mM dithiothreitol, and protease inhibitor cocktail [Roche], pH 8.0). The 
extract was homogenized using a Polytron homogenizer three times, 10 s each, at 10,000 
rpm. The extract was filtered through three layers of miracloth and centrifuged for 30 
min at 10,000 rpm at 4°C. The supernatant was transferred to a polycarbonate tube with 
aluminum cap assembly and ultracentrifuged at 37,000 rpm (100,000 xg) for 45 min 
with a 70Ti fixed rotor. After centrifugation, the supernatant was removed and the pellet 
was resuspended in 200 µL suspension buffer (40 mM HEPES, 0.2 M sucrose pH 7.3). 
The membrane protein fraction was treated with 1% Triton X-100 for 30 min at 4°C to 
solubilize membrane-bound proteins. After solubilization, proteins were 
ultracentrifugated at 37,000 rpm for 45 min to precipitate non-soluble membrane 
fragments. The protein concentration of the supernatant was measured using the 
Bradford protein assay. The supernatant was concentrated by precipitating with 10% 
trichloroacetic acid and the precipitated protein was resuspended in loading buffer with 
β-mercaptoethanol. Proteins were separated using SDS-PAGE and transferred to a 
	 
40	
nitrocellulose membrane (0.2 µm, Bio-Rad) for immunodetection. Polyclonal anti-HA 
antibodies were used (1:500 dilution) to detect HA-fused proteins.	
Root hair phenotype analysis and measurement of xyloglucan. Analysis of plant 
root hairs was done by plating sterilized seeds on half-strength MS with 0.3% gelrite. 
After the seeds germinated and the roots grew into the media, the plates were placed at a 
45° angle. Pictures of 10-day-old roots were taken using a Leica DMIRE2 light 
microscope with a Retiga 1300 camera.  
 Alcohol-insoluble residues (AIR) from wild type Col-0, xxt5, and xxt5 
complemented either with HA-XXT5 or HA-XXT5(D228A:D230A) seedlings were 
prepared and digested with Driselase as described by (Zabotina et al., 2012). 5 mg of 
each AIR was homogenized in 0.5 ml of 20 mM Na acetate buffer (pH 5.0), ~0.5 U of 
Driselase was added, and the mixtures were incubated at 37°C for 48 h. Supernatants 
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Abstract	
Xyloglucan is the most abundant hemicellulose in the primary cell wall of dicotyledonous 
plants. In Arabidopsis, three xyloglucan xylosyltransferases, XXT1, XXT2, and XXT5, 
participate in xylosylation of the xyloglucan backbone. Despite the importance of these 
enzymes, we lack information on their structure and the critical residues required for 
substrate binding and transferase activity. In this study, we investigated the roles of 
different domains of XX2 in protein expression and catalytic activity by constructing a 
series of N- and C-terminal truncations. XXT2 with an N-terminal truncation of 31 amino 
acids after the predicted transmembrane domain showed the highest protein expression, 
but truncations of more than 31 residues decreased protein expression and catalytic 
activity. XXT2 constructs with C-terminal truncations showed increased protein 
expression but decreased activity, particularly for truncations of 44 or more amino acids. 
We also used site-directed mutagenesis to investigate six positively charged residues near 
the C-terminus and found that four of the mutants showed decreased enzymatic activity. 
We conclude that the N- and C-termini of XXT2 have important roles in protein folding 
and enzymatic activity: the stem region (particularly the N-terminus of the catalytic 
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domain) is critical for protein folding and the C-terminus is essential for enzymatic 
activity but not for protein folding.   	
Introduction	
In plants, the cell wall strengthens the cell and helps it to resist turgor pressure but 
also can expand to allow cells to grow (Keegstra, 2010; Somerville et al., 2004). In 
addition, plant biomass has many uses as biofuels and biomaterials and manipulation of 
cell wall composition can alter the value of plant feedstocks for different industrial 
applications (Carpita, 2012; McCann and Carpita, 2008). Plant cell walls consist of 
cellulose, hemicellulose, and pectin; some cell walls also include lignin (Atmodjo et al., 
2013; Endler and Persson, 2011; Scheller and Ulvskov, 2010; Vanholme et al., 2010). 
Xyloglucan (XyG), the most abundant hemicellulose in the primary cell wall of 
dicotyledonous plants, has been proposed to cross-link cellulose microfibrils or to act as a 
spacer to prevent aggregation of cellulose microfibrils (Carpita and Gibeaut, 1993; 
Hayashi, 1989; Thompson, 2005). In Arabidopsis, XyG is composed of a β-(1,4) linked 
glucan backbone with 50-75% of the glucose residues decorated with α-(1,6) linked 
xylose residues. These can be further decorated with α-(1,2) linked D-Gal or L-Fuc-(1,2)-
β-D-Gal.  
Xyloglucan xylosyltransferases (XXTs) catalyze the transfer of xylose residues 
from UDP-xylose to the glucan backbone of XyG. Three XXTs in Arabidopsis, XXT1, 
XXT2, and XXT5, xylosylate the glucan backbone both in vivo (Cavalier et al., 2008; 
Zabotina et al., 2012; Zabotina et al., 2008) and in vitro (Cavalier and Keegstra, 2006; 
Faik et al., 2002; Vuttipongchaikij et al., 2012). XXTs catalyze the formation of an α-
(1,6) glycosidic bond that retains the anomeric configuration of UDP-xylose. The XXTs 
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are type II transmembrane proteins consisting of a short cytosolic N-terminal, a 
transmembrane domain, a stem-region, and a large C-terminal catalytic domain localized 
in the lumen of the Golgi. All XXTs belong to the glycosyltransferase (GT) family 34, 
which are predicted to have a GT-A fold based on their primary amino acid sequence 
(Lairson et al., 2008). XXTs, along with all other enzymes involved in xyloglucan 
biosynthesis, physically interact, forming homo- and hetero-complexes (Chou et al., 
2015; Chou et al., 2012; Lund et al., 2015). 
Analysis of knock-out mutants in Arabidopsis demonstrated that either XXT1 or 
XXT2 must be present for xylosylation of the xyloglucan backbone. The xxt1 xxt2 double 
knock-out mutant has no detectable xyloglucan; these mutants also have defects in root 
hairs (Cavalier et al., 2008; Zabotina et al., 2012). By contrast, the xxt1 and xxt2 single 
mutants have phenotypes similar to the wild type, indicating that XXT1 and XXT2 have 
partially redundant functions. Enzymatic assays showed that XXT1 and XXT2 have 
xylosyltransferase activity in vitro when cellohexaose is used as an acceptor and these 
enzymes primarily xylosylate the fourth glucose from the reducing end of cellohexaose, 
producing mono-xylosylated cellohexaose (Cavalier and Keegstra, 2006). XXT1 and 
XXT2 can also use the mono-xylosylated cellohexaose as an acceptor, adding a second 
xylose on the third glucose from the reducing end and producing di-xylosylated 
cellohexaose. Similarly, XXT1 and XXT2 can add a third xylose producing tri-
xylosylated cellohexaose. The enzyme XXT5 also participates in xyloglucan 
biosynthesis. The xxt5 knock-out mutant has a 50% reduction in xyloglucan content with 
a similar root hair phenotype to that of the xxt1 xxt2 double mutant (Zabotina et al., 2012; 
Zabotina et al., 2008), but the catalytic activity of XXT5 has yet to be confirmed in vitro. 
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Plant cell wall biosynthetic enzymes have been extensively studied using reverse-
genetics and heterologous expression to characterize their enzymatic activity. Despite 
this, we have little information about their structures or the residues involved in substrate 
binding and catalysis, mainly due to the low solubility of these enzymes and the lack of 
suitable acceptor substrates for in vitro activity assays. In this study, we used N- and C-
terminal truncations of XXT2 to determine the minimal size required for full catalytic 
activity. In addition, examination of protein expression levels and activity of N- and C-
terminally truncated XXT2 proteins provide insight to the roles of these protein domains 
in catalysis, protein folding, and substrate binding.  
 
Results	and	Discussion	
Sequence alignment of Arabidopsis XXTs and homologous enzymes. XXT2 is 
predicted to contain a short cytosolic N-terminus, a transmembrane domain, a stem 
region, and a large catalytic domain (Fig. 1 and Fig. 2). The hydropathy profile of XXT2 
indicates that the transmembrane domain is between residues 21 and 42 (Fig. 1). The C-
terminus has two hydrophobic regions, between residues 401-422 and 442-462 (Fig. 1). 
In addition, the XXT2 C-terminus contains a highly polar region between residues 423 




Figure 1. Hydropathy profile and predicted schematic topology of XXT2. (A) The 
hydropathy plot was prepared with the Kyte-Doolittle method (Kyte and Doolittle, 1982) 
with window setting of 9. (B) Schematic topology of full-length and truncated XXT2. 
FL: full length. NΔ42 indicates the truncation of the N-terminal domain and 
transmembrane domain. All C-terminal truncations also contain the NΔ42 truncation. The 
yellow box indicates the region with positively charged residues, the grey box indicates 
the transmembrane domain, and the brown region indicates the conserved catalytic 
region. 
 
 Most available plant genomes encode homologs of Arabidopsis XXT2, but only a 
few of these homologs have been cloned and functionally studied. For example, XXT2 
homologs from Pinus radiata (Ade et al., 2014), Oryza sativa (Wang et al., 2014), and 
Solanum lycopersicum (Mansoori et al., 2015) were able to complement the xxt1 xxt2 
phenotype in Arabidopsis. To investigate the conservation of the predicted domains of 
XXT proteins, we aligned the sequences of all five Arabidopsis XXTs from GT family 34 
(Faik et al., 2002) and their homologs from P. radiata, O. sativa, and S. lycopersicum. 
This alignment showed that the transmembrane and catalytic domains have high 
sequence similarity (Fig. 2), which is common for glycosyltransferases belonging to the 
same GT family (Hennet et al., 1998; Ihara et al., 1993). The cytosolic N-terminus and 
stem region of all XXTs have low sequence similarity and different lengths (Fig. 2). Stem 
	 
70	
regions of different lengths have been reported previously for other glycosyltransferases, 
even for functionally homologous proteins (Hennet et al., 1998; Ihara et al., 1993). In 
addition, XXT5 homologs have a larger N-terminus, consisting of approximately 40-50 
amino acids compared with the XXT1 and XXT2 N-terminus consisting of 22-25 amino 
acids. The sequence alignment also showed that the XXTs have numerous positively 
charged residues (Fig. 2) in the polar region near the C-terminus (Fig. 1). Numerous 
enzymes in GT family 8, such as WaaJ (Leipold et al., 2007) and α3GT (Henion et al., 
1994), have positively charged residues located near the C-terminus and these residues 
are important for protein function. 
 
Figure 2. Sequence alignment of Arabidopsis XXTs and their functional homologs. 
Sequence alignment was done using Clustal Omega (Sievers et al., 2011). Domains 
shown below the sequence alignment are those predicted for XXT2. The yellow box 
indicates the positively charged amino acids described in the text. Genes used for 
sequence alignment were AtXXT1 (At3g62720), AtXXT2 (At4g02500), AtXXT3 
(At5g07720), AtXXT4 (Atg18690), AtXXT5 (At1g74380), PrXXT1 (PrGT34B), PrXXT5 




Truncations of the XXT2 N-terminus. The transmembrane domain of XXT 
proteins is buried in the hydrophobic bilayer of the Golgi membrane and has low 
solubility in solution. To circumvent this, Vuttipongchaikij et al. (2012) used truncated 
proteins containing only the stem region and catalytic domain to express catalytically 
active recombinant proteins (Vuttipongchaikij et al., 2012). However, that study reported 
very low expression levels of recombinant proteins. Here, we examined the effect of N-
terminal truncations into the stem region (NΔ73 and NΔ106) and catalytic domain 
(NΔ132 and NΔ147) on the expression and activity of recombinant XXT2 (Fig. 1). XXT2 
was expressed with a streptococcal protein G immunoglobulin-binding domain (GB1) tag 
to improve solubility and a 6xHis tag to allow purification of the proteins by affinity 
chromatography.  
XXT2 without the N-terminus and transmembrane domain (NΔ42) and the 
various truncated mutants were expressed in E. coli SoluBL21 cells and purified using 
Ni-NTA column as described in the Methods section. Protein expression of this construct 
showed high yield of soluble His-GB1-XXT2 (Fig. 3), yet most His-GB1-XXT2 was in 
the insoluble fraction following cell lysis (data not shown). When analyzed by western 
blot, the elution fraction of XXT2 contained two additional smaller bands that were 
approximately 8 and 9 kDa smaller than the full-length NΔ42 protein (Fig. 3A). These 
likely result from degradation of XXT2 because the different N-terminal truncations and 
the full-length proteins showed similar shifts in band size. This possibility was not 
explored further; however, these bands were not observed in the XXT2 C-terminal 
truncations, which can argue against the idea that these bands result from non-specific 




Figure 3. Protein expression levels of XXT2 truncations. Truncated proteins were 
expressed and purified in parallel using identical conditions. Proteins were loaded onto 
the SDS-PAGE gel in equal volumes of the corresponding purified elution factions. 
Quantification of protein expression was done using only the non-degraded XXT2 bands 
with expected sizes, as indicated by the black arrows. (A) Western blot of N- and C-
terminal truncations detected using horseradish peroxidase-conjugated goat anti-rabbit 
antibody at a 10,000-fold dilution. NΔ42 in left blot is same construct as CΔ0 in right 
blot. (B) Protein expression of NΔ42 and N- and C-terminal truncations. Quantitation 
was preformed with ImageJ. The error bars represent the average ± S. D. of three 
replicates. (C) Coomassie Blue stained SDS-PAGE of NΔ42 and N- and C-terminal 
truncations. Black arrows indicate non-degraded XXT2 bands with expected sizes. 
 
The amount of XXT2 NΔ42 protein in the elution fraction was estimated by 
measuring the amount of total protein by Bradford assay and the intensity of the band 
corresponding to XXT2 compared to the intensity of all bands on Coomassie-stained 
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SDS-PAGE gels using ImageJ software (Fig. 3C). Expression of XXT2 NΔ42 yielded 
1.42 mg/L of cell culture (Fig. 3B). Quantitative western blots showed a linear 
relationship between XXT2 NΔ42 band intensity and total protein loaded in the gel, 
demonstrating that western blot can be used for protein quantification (Fig. S1). The 
expression levels of all truncated proteins were then determined by measuring the 
intensities of the upper bands (corresponding to the non-degraded proteins) on the 
western blot using ImageJ and comparing them to the intensity of the XXT2 NΔ42 band. 
Truncations into the stem region (NΔ73 and NΔ106) resulted in protein expression close 
to that of NΔ42 with maximal expression when 73 residues were truncated. Truncations 
into the conserved catalytic domain (NΔ132 and NΔ147) resulted in a severe reduction in 
protein expression with a 3.5-fold reduction for the both proteins (Fig. 3B).  
SDS-PAGE analysis of XXT2 NΔ42 and all the XXT2 truncated mutants purified 
with Ni-NTA column showed that they co-purified with a 68 kDa protein (Fig. 3C). This 
protein was not removed even with multiple rounds of affinity chromatography or gel-
filtration chromatography (data not shown). Previous work showed that the bacterial 
chaperonin GroEL can persistently co-purify with glycosyltransferases expressed in E. 
coli cells (Hou et al., 2004), including XXTs (Vuttipongchaikij et al., 2012). Here, the 
NΔ73 truncation resulted in lowest intensity of this 68 kDa band, and increasing 
truncation size further increased the intensity of the putative GroEL band (Fig. 3C). 
GroEL mediates protein folding by binding hydrophobic regions of misfolded proteins 
(Lin and Rye, 2006). Thus, it is possible that N-terminal truncations into the catalytic 
domain disrupt protein folding, resulting in more exposed hydrophobic residues, which 
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are then bound by GroEL. However, this speculation will need to be experimentally 
confirmed in the future. 
Figure 4. Activity of XXT2 NΔ42. Enzyme assays were performed in a 25 µL reaction 
for 20 h at 28°C and contained 2 mM UDP-Xylose, 0.5 mM cellohexaose, 2 mM MnCl2, 
and 1.5 µM XXT2 NΔ42. (A) HPAEC profile of XXT2 NΔ42 reaction products. (B) 
MALDI-TOF analysis of the reaction product. GGGGGG: cellohexaose; GGXGGG: 
mono-xylosylated cellohexaose; GGXXGG: di-xylosylated cellohexaose. 
 
Transferase activity of N-terminal truncated XXT2 proteins was assayed as 
described in the Methods section, using UDP-xylose and cellohexaose as donor and 
acceptor substrates, respectively. The products were quantified by peak integration on 
chromatograms obtained by HPAEC and their molecular weights were verified by 
MALDI-TOF analysis (Fig. 4A and Fig. 4B). Several control reactions were also 
performed to confirm that xylosylation of the acceptor glucan occurs only in the presence 
of XXT2 (data not shown). A previous study showed that XXT2 transfers the first xylose 
onto non-xylosylated cellohexaose; XXT2 only begins to transfer a second xylose onto 
mono-xylosylated glucan acceptors when it has xylosylated most of the cellohexaose 
(Cavalier and Keegstra, 2006). Performing the activity assays for different durations 
demonstrated that the maximum amount of xylose transferred onto glucan was after 20 h 
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of reaction (Fig. 5A). Addition of the second xylose onto glucan was initiated only after 4 
hours of reaction and 33% of mono-xylosylated acceptor was converted into di-
xylosylated during the 20-h reaction (Fig. 5A). Therefore, we measured the activity of 
truncated proteins with 20 h reactions to investigate the maximum amount of xylose 
transferred by the XXT2 truncated proteins. We choose these conditions because many of 
the XXT2 truncated proteins resulted in undetectable xylosylated product with shorter 
reaction times due to their severely reduced activity. In addition, these conditions 
demonstrating the effect of the truncations on the ability of XXT2 to xylosylate 
cellohexaose at one or two positions. Longer reactions times are required for 
investigation of xylosylation of mono-xylosylated cellohexaose by XXT2 due to the 
slower rate of catalysis on this acceptor substrate (Fauré et al., 2007). 
 
Figure 5. Activity of truncated XXT2 proteins and XXT2 NΔ42 at various time-
points. The activity assays were performed as described in the Materials and methods 
section. (A) Amount of xylose transferred from UDP-Xylose onto cellohexaose by XXT2 
in reactions of different durations. All assays contained 1.5 µM XXT2 NΔ42. (B) 
Activity of XXT2 truncations. Enzyme activity is shown as the amount of xylose 
transferred to cellohexaose by 1 µg of XXT2 protein after 20 h of incubation at 28°C. All 
proteins were expressed, purified, and assayed with identical conditions. Peak 
corresponding to xylosylated cellohexaose was quantified by peak integration on the 




The N-terminal truncation mutants of XXT2 showed a decrease in activity with 
increasing truncation size (Fig. 5B). In the case of NΔ132 and NΔ147, this drop of 
activity was particularly strong and correlated with low expression of these mutants. To 
investigate whether the small amount of reaction product formed by NΔ132 and NΔ147 
proteins was due to low protein expression or reduction of their activity, both proteins 
were concentrated approximately 6-fold and assayed for activity. A slight increase in 
activity was observed when the truncated proteins were concentrated (Fig. S2). These 
results suggest that N-terminal truncations of the stem region do not affect protein 
expression but to some extent affect enzymatic activity, whereas truncation into the 
catalytic domain severely affects both protein expression and catalytic activity. This is 
similar to the observations reported for the GT-A fold glycosyltransferase, α3GT (Henion 
et al., 1994). N-terminal truncations into the stem region of α3GT (residues 23-89) did 
not result in a significant change in enzymatic activity, but truncations into the catalytic 
domain severely reduced protein activity. In addition, in the crystal structure of the GT-A 
fold glycosyltransferase, XXYLT1, the stem region was disordered (Yu et al., 2015). 
This indicates that the XXYLT1 stem region might not participate in enzymatic activity, 
but rather might allow the enzyme to move close to or away from the membrane (Yu et 
al., 2015). From the results obtained here for N-terminal truncations of XXT2, we 
propose that the stem region of XXT2 also likely does not participate in catalysis, but 
assists in mobility of the protein catalytic domain or possibly in the accessibility of the 
acceptor substrate to the catalytic center of the protein (Fig. 6). Furthermore, N-terminal 
truncation into the catalytic domain likely affects protein folding, which results in both a 
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significant decrease in expression of the soluble protein in E. coli cells and in enzymatic 
activity. Further studies will be needed to reveal particular residues that are critical for 
proper protein folding and activity.  
 
Figure 6. Schematic representation of the proposed topology of XXT2. The N-
terminus of XXT2 localizes in the cytosol and the C-terminus localizes in the Golgi 
lumen. Hydrophobic regions are shown in blue and the positively charged region is 
shown in red. 
 
 
Truncations of the XXT2 C-terminus. The C-terminal truncations of XXT2 were 
designed based on the predicted regions of hydrophobicity (Fig. 1) and the highly polar 
region with numerous positively charged residues (Fig. 2). Thus, the CΔ24 truncation 
removed the first hydrophobic region from the C-terminus of XXT2, CΔ44 removed the 
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region rich in positively charged residues, CΔ57 removed the second hydrophobic region 
from the C-terminus, and CΔ73 truncated further into the catalytic domain of XXT2. All 
C-terminal truncations also contained the NΔ42 truncation. Truncations of 44 or more 
amino acids from the C-terminus increased protein expression compared to the NΔ42 
protein, particularly when 57 or 73 amino acids were truncated (Fig. 3). Despite the 
increase in protein expression, the CΔ44, CΔ57, and CΔ73 truncations showed reduced 
catalytic activity of XXT2 (Fig. 5B). It is unlikely that the reduction of activity for these 
truncations is due to errors in protein folding because partially folded or misfolded 
proteins usually aggregate, forming inclusion bodies, or are degraded in E. coli cells 
(Baneyx and Mujacic, 2004). Hence, it is more likely that the C-terminus of XXT2 
contains critical amino acids that are involved in substrate binding or ordering of the 
active site. 
The results obtained here for C-terminal truncations are very similar to the results 
reported for the GT-A fold glycosyltransferase WaaJ, which is involved in 
lipopolysaccharide biosynthesis in E. coli (Leipold et al., 2007). Truncations from the C-
terminal of WaaJ resulted in increased protein expression and decreased catalytic activity 
(Leipold et al., 2007). The subcellular localization of the truncated WaaJ proteins was 
investigated by centrifugation of the whole-cell lysate to separate the soluble and 
membrane-associated protein fractions. Increases of the size of the C-terminal truncation 
did not affect protein expression in the whole-cell lysate, but increased the amount of 
protein in the soluble fraction while decreasing the amount of protein associated with the 
membrane fraction (Leipold et al., 2007). The C-terminal of WaaJ, like the C-termini of 
other enzymes in GT family 8, is rich in positively charged residues. Thus, these 
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positively charged residues could participate in association with the membrane (Leipold 
et al., 2007). XXT2 also has a region that is rich in positively charged residues, but it is 
unlikely they are involved in membrane association because, in contrast to WaaJ, XXT2 
possesses a transmembrane domain near the N-terminus. In addition, truncation of the 
region with numerous positively charged residues (CΔ44) resulted in only a slight change 
in protein expression but resulted in a significant decrease in protein activity (Fig. 3 and 
Fig. 5). 
 Another possible explanation for the negative relationship between protein 
expression and activity is that the XXT2 C-terminus is disordered (Fig. 6). Thus, a 
truncation that removes this disordered region increases protein expression by removing 
the solvent-exposed hydrophobic residues predicted in the hydropathy index plot (Fig. 
1). This notion is supported by the increase in protein expression when the hydrophobic 
region near the C-terminus (CΔ57) was removed (Fig. 3). Crystal structure analysis of 
the apo form of α3GT showed that this glycosyltransferase has a disordered C-terminus 
(Jamaluddin et al., 2007). UDP binding by α3GT induces a conformational change and 
ordering of the C-terminus, positioning two positively charged residues, Arg365 and 
Lys359, near the active site to form ionic interactions with the negatively charged oxygen 
groups of UDP (Boix et al., 2001; Jamaluddin et al., 2007). Mutating either of these 
positively charged residues severely reduced catalytic activity of α3GT, demonstrating 
the importance of these residues (Jamaluddin et al., 2007). The six positively charged 
residues in the region between 24 and 44 amino acids from the C-terminus of XXT2 
might have similar roles to those observed for α3GT. 
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 To investigate these six positively charged residues in XXT2, each of the 
residues was individually mutated to alanine and the resulting mutant proteins were 
assayed for xylosyltransferase activity. Assays were performed for 1 h (Fig. 7) to 
compare the activity transferring the first xylose onto the glucan acceptor. Two 
mutations, R425A and R431A had no effect on enzymatic activity (Fig. 7). Four of the 
mutants, K420A, K426A, K428A, and R429A, had decreased enzymatic activity in 
transferring first xylose onto non-xylosylated cellohexaose (Fig. 7). 
 
Figure 7. Enzyme activity of XXT2 mutants. All mutant proteins were expressed, 
purified, and assayed using identical conditions. (A) Enzyme activity of XXT2 NΔ42 and 
the mutants expressed as an amount of xylose transferred to cellohexaose by 1 µg of 
protein per min of incubation. The peak corresponding to xylosylated cellohexaose was 
quantified by peak integration on the HPAEC profile. The error bars represent the 
average ± S. D. of two replicates. (B) Western blot of NΔ42 and XXT2 mutants. 
 
 
 It is possible that these positively charged residues participate in substrate 
binding, similar to what was observed for α3GT  (Boix et al., 2001; Jamaluddin et al., 
2007). Another possibility is these positively charged residues may be involved in the 
	 
81	
formation of open and closed states of XXT2. For example, crystal structures of the 
ABO(H) blood group glycosyltransferases showed that these enzymes are in the open 
state when no substrate is bound, whereas substrate binding induces a conformational 
change to the closed state (Johal et al., 2014). It was postulated that the mutual repulsion 
of the positively charged residues in these disordered loops were responsible for the 
open state of these enzymes (Johal et al., 2014). Thus, binding of UDP-Donor substrate 
introduces a negative charge that offsets these repulsions and forms ionic interactions to 
stabilize the closed state. The positively charged residues on the C-terminus of XXT2 
may have a similar role. Further work on XXT2, including structural and kinetic studies, 
will be needed to verify this possibility and to clarify the involvement of these residues 
in catalytic activity.   
 
Conclusions	
Cell wall polysaccharide synthesizing GTs, including XXTs, have been studied 
extensively using reverse-genetics and heterologous expression to characterize their 
function. Despite this, there is no information on their atomic structures, modes of 
substrate binding, or critical residues involved in catalysis. Here, N- and C-terminal 
truncations of XXT2 were investigated to determine their role on protein folding and 
catalysis. N-terminal truncations into the stem-region resulted in minor changes in protein 
expression or activity, while truncation into the catalytic domain severely reduced protein 
expression and activity. This indicates that the N-terminal region of the catalytic domain 
may be critical for proper folding of active recombinant protein. In contrast, C-terminal 
truncations resulted in an increase in XXT2 expression but a dramatic decrease in its 
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enzymatic activity. This suggests that removal of amino acids from the C-terminus 
affects protein activity without impacting its folding. A hydropathy plot and sequence 
alignment showed the presence of hydrophobic regions and positively charged amino 
acids on the C-terminus of XXT2. Removal of these regions resulted in a decrease of 
enzymatic activity. This indicates that the C-terminus, most likely including these 
positively charged residues, is involved in substrate binding or catalysis. These results 
suggest that the stem region of XXT2 functions to link the transmembrane and catalytic 
domain and does not significantly contribute to enzymatic activity, whereas the N-
terminal sequence of the catalytic domain is, mostly likely, required for proper folding of 
active recombinant protein. The C-terminus is likely involved in catalysis or substrate 
binding and might be disordered due to the increase in expression levels upon its removal 




XXT2 Cloning. The pET20b-GB1 expression vector containing N-terminal 
6xHis-GB1 tag and the NdeI and Xho1 restriction sites was obtained from Dr. 
Andreotti’s laboratory at Iowa State University (Boyken et al., 2012). Coding sequences 
of Arabidopsis thaliana xylosyltransferase XXT2 (At4g02500) were PCR amplified with 
N- or C-terminal truncations and cloned into the pET20b-GB1 plasmid (Table S1) with a 
126 base pair N-terminal truncation to remove the cytoplasmic N-terminus and 
transmembrane domain. All forward primers were designed to contain the Tobacco Etch 
Virus protease site (ENLYFQG) on the N-terminus of XXT2. To generate the constructs 
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encoding the XXT2 mutants, two fragments for each mutant were PCR amplified using 
primers designed to contain the mutated base pairs (Table S1). The first XXT2 mutant 
fragment was generated with XXT2 NΔ42 forward and XXT2 mutant reverse primers 
and the second fragment was generated using XXT2 mutant forward and XXT2 C-term 
reverse primers. The resulting two fragments containing the mutated base pairs were 
then used as the template in a fusion PCR reaction using XXT2 NΔ42 forward and 
XXT2 C-term reverse primers to generate the final mutated gene fragment. The resulting 
pET20b construct was then transformed into E. coli DH10b for amplification of the 
plasmid and was verified by sequencing. Verified plasmids were then transformed into 
E. coli SoluBL21 for protein expression.  
 
Protein expression. E. coli cells harboring the plasmids were grown at 37°C with 
shaking at 200 rpm in 500 ml of Luria-Bertani broth. When the cell culture reached an 
OD600 of 0.5, the temperature was lowered to 18°C and protein expression was induced 
by adding IPTG to a final concentration of 0.5 mM. Cells were incubated for 18 h at 
18°C and then harvested by centrifugation. Pelleted cells were re-suspended in 12.5 mL 
of 25 mM Tris-HCl pH 7.4, 300 mM NaCl, 0.1 mM EDTA and rapidly frozen in liquid 
nitrogen. Cells were lysed by thawing and incubating for 30 min with 1 mg/mL of 
lysozyme and then sonicated for 15 s a total of five times. Solubilized proteins were 
collected by centrifugation at 20,000 xg for 30 min.  
 
Protein purification. Crude lysate was loaded onto a Ni-NTA column with a 
lysate:resin ratio of 20:1. Affinity resin was incubated on a shaker for 1 h at 4°C. 
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Unbound proteins were removed as a flow-through fraction and the resin was washed 
four times with washing buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 
and 20 mM imidazole. The protein of interest was eluted in three fractions with a total 
volume of 6 mL using elution buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 
and 300 mM imidazole. Glycerol was added to the elution fractions to a final 
concentration of 20% and proteins were stored at -80°C. Total protein concentration was 
measured using a Bio-Rad kit (Quick Start Bradford Dye reagent 1X, Cat# 500-0205) 
according to the manufacturer’s instructions.  
 
Enzymatic activity assay and product precipitation. The protein was 
concentrated from the elution buffer using Amicon Ultra centrifuge filter units (10,000 
Da cutoff, Millipore). The enzymatic activity assay was performed in a total volume of 
25 µL consisting of 2 mM UDP-xylose (CarboSource Services), 0.5 mM cellohexaose 
(Megazyme), 2 mM MnCl2, and 1.5 µM XXT2 protein. The reaction mixture was 
incubated at 28°C for 20 h with shaking at 100 rpm. All reactions were performed in 
duplicate. The reaction was stopped by adding 900 µL of 100% ethanol and incubating 
at -22°C for 6 h. The precipitated reaction product was collected by centrifugation at 
21,000 xg for 30 min.  
 
 
HPLC and MALDI-TOF MS characterization of reaction products. Products 
obtained from the enzymatic activity assays were analyzed by high-performance anion-
exchange chromatography with a pulse-amperometric detector (HPAEC-PAD, Dionex), 
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as described (Cavalier and Keegstra, 2006). Briefly, the aqueous solution of the product 
was injected onto a CarboPac PA-20 column and eluted using the gradient 30 mM to 
100 mM Na-Acetate for 25 min with 100 mM NaOH remaining constant through the 
entire run; after the 25-min run, the column was re-equilibrated for 15 min to initial 
conditions. Non-xylosylated, mono-xylosylated, and di-xylosylated cellohexaose eluted 
from the column with retention times of approximately 17.5, 19, and 20 min, 
respectively. Quantitation of xylose transfer was performed by peak integration of 
xylosylated cellohexaose to determine the relative percentage of each product (non-, 
mono-, or di-xylosated cellohexaose), which allowed us to determine the amount of 
xylose transfer in the reaction. For example, if 40% of total cellohexaose (12.5 nmol) is 
mono-xylosylated, then 5 nmol of xylose was transferred to cellohexaose. Matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry 
analyses of the products was performed as described (Zabotina et al., 2012). Briefly, one 
microliter of the product solution was spotted onto a MALDI-TOF sample plate using a 
2,5-dihydroxybenzoic acid matrix at a sample:matrix ratio of 1:1. The sample spectra 
were analyzed on an Applied Biosystems VOYAGER-DE Pro MALDI-TOF mass 
spectrometry instrument in positive reflection mode with an acceleration voltage of 20 
kV and extraction delay time of 350 ns.  
 
SDS-PAGE and Western Blots. Proteins were analyzed by SDS-PAGE in 
reducing conditions and stained with Coomassie Blue G250. Western blot analysis was 
performed as previously described (Chou et al., 2015). Proteins were electrophoretically 
transferred to a nitrocellulose membrane and blocked with non-fat milk. The GB1 tag 
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was recognized with horseradish peroxidase-conjugated goat anti-rabbit antibody 
(Invitrogen) at a 10,000-fold dilution, developed using HyGLO quick spray, and 
visualized with a ChemiDoc XRS+ (Bio-Rad). Pre-stained size markers were visualized 
on the same membrane using visible light. Analysis of protein expression levels was 
done using the bands with the expected size for NΔ42 or truncated versions of XXT2. 
Protein expression and purification for all constructs was done in parallel with identical 
conditions as described above. The purity of XXT2 NΔ42 was estimated by determining 
the intensity of bands in Coomassie stained SDS-PAGE gel using ImageJ, to determine 
the concentration of XXT2 NΔ42 protein based on the total protein concentration 
measured by Bradford assay (Quick Start Bradford Dye reagent 1X, Cat# 500-0205) 
according to the manufacturer’s instructions. Next, the band intensity of the wild type 
and each truncated XXT2 band on the western blot was determined with ImageJ to 
estimate the concentrations of each of the truncated XXT2 proteins. Quantitative 
western blotting was performed using several dilutions of protein loaded on the gel and 














Supplementary Figure 1. Quantification of XXT2 NΔ42. (A) Western blot of XXT2 
NΔ42 with various amounts of protein loaded in each lane. The total protein loaded in 
each lane was: 0.18 µg, 0.36 µg, 0.54 µg, and 0.72 µg for lanes 1-4, respectively. Band 
intensity was quantified using ImageJ. (B) Plot of band intensity vs total protein loaded.  
 
Supplementary Figure 2. Enzyme assay of concentrated N-terminal truncation 
proteins. The NΔ132 and NΔ147 protein samples were concentrated roughly six-fold. 
Enzyme assays were performed with 25 µL reaction containing 2 mM UDP-Xylose, 0.5 
mM Cellohexaose, 2 mM MnCl2, and 1.5 µM XXT2. GGGGGG: cellohexaose; 
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Homology	 models	 and	 molecular	 dynamics	 simulations.	 The	 YASARA	molecular	 modeling	 program	 (YASARA	 “structure”	 Vers.	 15.11.18	 and	16.2.23)(Krieger	 et	 al.	 2009;	Krieger	 et	 al.	 2014)	was	used	 to	 build	 the	homology	model	of	XXT2	and	for	the	molecular	dynamics	simulations.	Possible	templates	were	identified	by	YASARA	by	running	PSI-BLAST	iterations	(Altschul	et	al.	1997)	on	the	basis	 of	 the	 amino	 acid	 sequence	 of	 Xyloglucan	 Xylosyltransferase	 2,	 to	 extract	 a	position	 specific	 scoring	 matrix	 (PSSM)	 from	 UniRef90,	 and	 then	 searching	 the	Protein	Data	 Bank	 (PDB)	 for	 a	match	 (hits	with	 an	 E-value	 below	 the	 cutoff	 0.5).	Only	 a	 single	hit	 (PDB	2P6W)	was	 identified	 that	 could	be	used	 as	 a	 template	 for	homology	modeling.		
Multiple	models	were	built	according	to	alternative	alignments	of	the	target	and	 template	 protein	 sequence.	 Side	 chains	 were	 added	 using	 YASARA's	implementation	of	 SCWRL3	 (Canutescu	et	 al.	 2003)	and	 fine-tuned	by	 considering	electrostatic,	 knowledge-based	 packing	 iterations,	 and	 solvation	 effects.	 Hydrogen	bond	 network	 was	 optimized	 (Krieger	 et	 al.	 2012)	 and	 each	 model	 was	 then	subjected	to	an	unrestrained	energy	minimization	with	explicit	water	molecules	by	
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simulated	 annealing	 employing	 the	 YASARA2	 force	 field	 (Krieger	 et	 al.	 2009).	 In	addition,	 a	 hybrid	 model	 was	 built	 by	 combination	 of	 the	 best	 regions	 of	 the	individual	models.	The	models	were	 rated	according	 to	a	quality	Z-score,	 the	best	scoring	model	was	used	as	 the	 final	protein	model.	A	more	detailed	description	of	YASARA’s	 homology	 modeling	 protocol	 can	 be	 found	 online	(http://yasara.org/homologymodeling.htm).	 UDP-xylose	 was	 then	 manually	modeled	into	the	final	homology	model	according	to	the	position	of	UDP-glucose	in	the	crystal	structure	of	the	template	(PDB	2P72;	Zhang	et	al.	2007).	Refinement	of	the	UDP-xylose-XXT2	structure	was	achieved	in	two	steps.	First,	a	10	ns	molecular	dynamics	 simulation	 in	water	was	performed,	 restraining	 the	 residues	 involved	 in	coordination	of	Mn2+	and	restrained	UDP-Xyl	to	the	metal	ion.	Distances	and	angles	used	for	the	restraints	of	specific	atoms	are	shown	in	the	Supplementary	data,	Table	S2.	Next,	 an	unrestrained,	90	ns,	 all-atom	molecular	dynamics	 simulation	 in	water	was	 performed.	 For	 comparison,	 an	 unrestrained,	 100	 ns,	 all-atom,	 molecular	dynamics	 simulation	 was	 performed	 for	 the	 template	 structure	 of	 A64Rp	 using	identical	 simulation	 parameters.	 UDP-Xyl	 was	 derived	 from	 the	 A64Rp	 UDP-Glc	(PDB	 2p72)	 and	 geometry	 was	 optimized	 using	 a	 semi-empirical	 quantum	mechanics	 approach,	 which	 is	 implemented	 in	 YASARA’s	 YAPAC	 module	 (Stewart	2000).		
Unless	 otherwise	 stated	 TIP3P	 was	 used	 as	 the	 water	 model	 and	 the	Amber14	 force	 field	 was	 used	 for	 energy	 minimization	 and	 molecular	 dynamics	simulations	(Hornak	et	al.	2006;	Maier	et	al.	2015).	Energy	minimization	was	done	by	 simulated	 annealing	 in	 water	 including	 optimization	 of	 the	 hydrogen	 bond	
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Production	of	transgenic	plants.	The PCR-amplified coding sequence of the 
full-length XXT2 D228A/D230A protein including Human influenza hemagglutinin 
(HA) tag was ligated into the pCR8/GW/TOPO entry vector (Invitrogen) as described in 
the manufacturer’s instructions. The ligation product was transformed into E. coli 
DH10b and selected on LB agar plates with 50 µg/mL spectinomycin. The mutated gene 
in the entry construct was transferred into the binary destination vector pEarleyGate 201 
containing Cauliflower mosaic virus 35S promoter and bar selectable marker gene 
(TAIR). The binary destination vector was transformed into Agrobacterium GV3101 by 
electroporation. Arabidopsis was transformed using the floral-dip method (Clough and 
Bent 1998). Plants were harvested and selected using 10mg L-1 of Basta. A total of four 
independent homozygous lines were prepared. For analysis, the homozygous plants (T3) 






membrane protein was extracted from 40 to 80 2-week-old seedlings of independent 
homozygous lines. The seedlings were ground in 10 mL protein extraction buffer (40 
mM HEPES, 0.45 M sucrose, 1 mM EDTA, 1 mM MgCl2, 1 mM KCl, 1mM 
dithiothreitol, protease inhibitor cocktail [Roche], pH 8.0). The extract was 
homogenized three times, 10 s each, at 10,000 rpm, using a Polytron homogenizer. The 
extract was filtered through three layers of miracloth and centrifuged for 30 min at 
10,000 rpm at 4°C. The supernatant was transferred to a polycarbonate tube with 
aluminum cap assembly and ultracentrifuged at 37,000 rpm (100,000 xg) for 45 min 
with a 70Ti fixed rotor. After centrifugation, the supernatant was removed and the pellet 
was resuspended in 200 µL suspension buffer (40 mM HEPES, 0.2 M sucrose pH 7.3). 
The membrane protein fraction was treated with 1% Triton X-100 for 30 min at 4°C to 
solubilize membrane-bound proteins. After solubilization, proteins were 
ultracentrifugated at 37,000 rpm for 45 min to precipitate non-soluble membrane 
fragments. The protein concentration of the supernatant was measured using the 
Bradford protein assay. The supernatant was concentrated by precipitating with 10% 
trichloroacetic acid and the precipitated protein was resuspended in loading buffer with 
β-mercaptoethanol. Proteins were separated using SDS-PAGE and transferred to a 
nitrocellulose membrane (0.2 µm, Bio-Rad) for immunodetection. Polyclonal anti-HA 




Root hair phenotype and xyloglucan content analysis. Analysis of plant root 
hairs was done by plating sterilized seeds on half-strength MS with 0.3% gelrite. Plants 
were grown in a growth chamber with long day conditions (16 h light/ 8 h dark) at 22°C. 
After the seeds germinated and the roots grew into the media, the plates were placed at a 
45° angle. Pictures of 7-day-old roots were taken using a Leica DMIRE2 light 
microscope with a Retiga 1300 camera.  
Driselase digestion was performed as previously described (Zabotina et al. 2012). 
The alcohol insoluble residues (AIR) were prepared from wild type, xxt1xxt2 mutant and 
complemented with HA-XXT2 D228A/D230A construct xxt1xxt2 mutant plants. 5 mg of 
AIR were incubated with 10 µg of Driselase in citrate buffer (pH 5) overnight at 37°C. 
Reaction was stopped by boiling for 15 min and supernatant was separated by 
centrifugation. The amount of isoprimeverose produced by Driselase was measured by 




Homology	 models	 of	 XXT2.	 A	 homology	 model	 of	 Arabidopsis	 XXT2	 was	built	using	the	structure	of	the	protein	A64Rp	(Figure	1A),	a	putative	GT	involved	in	glycosylation	of	 the	Chlorella	virus	major	capsid	protein,	 that	belongs	 to	 the	same	gene	family	GT34	as	XXT2	(Zhang	et	al.	2007).	A64Rp	was	identified	as	a	template	by	 running	 3	 PSI-BLAST	 iterations	 to	 extract	 a	 position	 specific	 scoring	 matrix	(PSSM)	from	UniRef90	and	then	searching	the	PDB	for	a	match.	Sequence	alignment	of	 full-length	XXT2	 (Uniprot	 ID:	O22775)	with	A64Rp	 (Uniprot	 ID:	Q89399)	using	
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Clustal	 Omega	 (Sievers	 et	 al.	 2011,	 Goujon	 et	 al.	 2010,	 Drozdetskiy	 et	 al	 2015)	resulted	in	7.7%	and	25.6%	sequence	identity	and	sequence	similarity,	respectively.	The	 alignment	used	 to	build	 the	homology	model	 contained	163	out	 of	 419	XXT2	residues	(38.9%),	 lacking	the	putative	transmembrane	domain,	and	was	aligned	to	the	 template	 residues	 resulting	 in	 23.3%	 and	 45.4%	 sequence	 identity	 and	similarity,	respectively	('similar'	means	that	the	BLOSUM62	score	is	>	0).	Although	the	 sequence	 identity	 is	 rather	 low	 to	build	 a	high	quality	model,	 the	 structure	of	A64Rp	has	been	 rated	as	appropriate	 for	homology	modeling	by	YASARA	 internal	quality	score	of	0.51	(the	quality	score	ranges	from	0.000	=	bad	to	1.000	=	good).	In	addition,	GT-A	fold	GTs,	particularly	ones	in	the	same	GT	family,	typically	have	high	structural	 homology	 despite	 having	 low	 sequence	 similarity	 (Zhang	 et	 al.	 2007,	Gibbons	et	al.	2002).	
	








UDP-Xyl	 was	 then	 manually	 modeled	 into	 the	 XXT2	 homology	 model	 to	identify	 residues	 involved	 in	 substrate	 binding.	 The	 position	 of	 UDP-Xyl	 in	 the	homology	model	was	adapted	from	the	substrate	position	of	UDP-Glc	in	the	crystal	structure	 of	 A64Rp	 (PDB	 2P72;	 Zhang	 et	 al.	 2007).	 After	 the	 respective	 glucose	moiety	of	UDP-Glc	was	changed	to	xylose,	the	energy	of	the	UDP-Xyl-XXT2	structure	was	 minimized	 in	 water	 before	 it	was	 docked	 and	 refined	 in	 a	 restrained	 10	 ns	molecular	dynamics	simulation.	The	active	site	environment	was	restrained	during	refinement	by	applying	distance	and	angle	 restraints	 in	order	 to	allow	 the	protein	structure	 to	 adapt	 to	 the	 UDP-Xyl	 molecule	 (Supplementary	 data,	 Table	 S2).	Additionally,	the	side	chain	atoms	of	Asp228,	Asp230,	His378,	and	an	oxygen	atom	of	the	UDP-xylose	phosphate	group	were	restrained	 to	 the	Mn2+	 ion	according	 to	 the	distances	and	angles	derived	 from	the	crystal	 structure	of	A64R	with	UDP-glucose	bound	(PDB	2P72	and	2P6W,	Zhang	et	al.	2007).		






An	 unrestrained	 90	 ns	 molecular	 dynamics	 simulation	 was	 performed	 to	further	 assess	 the	 stability	 of	 the	 UDP-Xyl-XXT2	 homology	 model.	 The	 modeled	UDP-Xyl	bound	XXT2	structure	reached	a	stable	conformation	after	about	50	to	60	ns	with	a	 Cα	RMSD	 of	 around	 6Ǻ	 (Figure	 4),	 demonstrating	 some	 conformational	stress	 in	 the	 original	 homology	 model.	 However,	 the	 core	 region	 of	 the	 XXT2	homology	model	retained	its	fold	during	the	restrained	(10	ns)	and	unrestrained	(90	ns)	simulations	indicating	that	this	part	of	the	protein	is	structurally	stable	(Figure	1B-D,	 Supplementary	 data,	 Figure	 S1	 and	 S4B).	 The	 stable	 core	 region	 is	 also	
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Homology	modeling	and	molecular	dynamics	simulations	revealed	that	XXT2	likely	 adopts	 a	 GT-A	 fold,	 which	 consists	 of	 a	 central	 β-sheet	 surrounded	 by	 α-helices	(Figure	1B).	GT-A	fold	GTs	have	been	shown	to	be	metal-ion	dependent.	The	metal	ion	is	involved	in	coordination	of	donor	substrate	by	forming	a	coordination	bond	with	the	negatively	charged	oxygen	groups	of	the	UDP-sugar.	In	addition,	the	metal	 ion	 may	 help	 to	 neutralize	 the	 newly	 formed	 negative	 charge	 on	 the	phosphate	 group	when	 the	 sugar	moiety	 is	 transferred.	 Mutation	 of	 the	 two	 Asp	residues	 (Asp228	 and	 Asp230)	 in	 the	 DXD	motif	 of	 XXT2	 demonstrates	 that	 this	motif	 is	 critical	 for	 XXT2	 enzymatic	 activity.	 Only	 the	 conservative	 mutation	 to	another	 acidic	 amino	 acid	 Glu,	 which	 retains	 the	 carboxylate	 functional	 group,	produced	catalytically	active	XXT2,	yet	activity	was	significantly	reduced	compared	to	 the	wild	 type	 protein,	 probably	 due	 to	 the	 longer	 side	 chain	 and	 additional	 Cγ	atom	 in	Glu	 that	disturbs	 the	active	 site	 geometry.	 In	 addition,	 over-expression	of	the	 XXT2	 D228A/D230A	 mutant	 in	 the	 xxt1xxt2	 double	 mutant	 plant	 did	 not	complement	the	root	hair	phenotype	or	restore	the	XyG	content,	suggesting	that	the	DXD	motif	is	critical	for	XXT2	function	 in	vivo	(Figure	8).	Similar	results	have	been	
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reported	 in	 numerous	 other	 studies,	 where	 mutations	 in	 DXD	 motifs	 resulted	 in	either	 inactive	 GTs	 or	 proteins	with	 severely	 reduced	 activity	 (Busch	 et	 al.	 1998;	Gotting	 et	 al.	 2004;	 Li	 et	 al.	 2001).	 For	 example,	 in	 the	 case	 of	 another	xylosyltransferase,	XT-I,	it	was	demonstrated	that	mutation	of	the	first	Asp	residue	in	 the	 DXD	 motif	 to	 Gly	 resulted	 in	 significant	 reduction	 in	 activity,	 whereas	mutation	 of	 the	 same	 Asp	 to	 the	 Glu	 residue	 had	 no	 effect	 on	 protein	 activity	(Gotting	et	al.	2004).	Mutations	of	the	second	Asp	residue	in	the	DXD	motif	of	XT-I	to	either	 Gly	 or	 Glu	 residues	 resulted	 in	 an	 approximately	50%	 reduction	 in	 activity	(Gotting	et	al.	2004).	Mutations	in	XXT2	also	showed	the	Asp228	residue	being	more	sensitive	 to	 mutagenesis	 compared	 to	 Asp230.	 For	 example,	 the	 activity	 of	 XXT2	D228E	 mutant	 was	 severely	 reduced,	 resulting	 in	 only	 a	 minor	 amount	 of	xylosylated	 product	 being	 produced.	 In	 contrast,	 the	 D230E	 mutant	 produced	 a	significant	 amount	 of	 mono-xylosylated	 product,	 albeit	 in	 lower	 quantity	 in	comparison	with	the	wild	type	XXT2	(Figure	7).	Previous	studies	demonstrated	that	mutations	 in	 the	 DXD	 motif	 did	 not	 impact	 GT’s	 proper	 folding,	 thus	 it	 was	concluded	 that	 the	 lack	 of	 enzymatic	 activity	 in	 the	 mutants	 was	 not	 due	 to	misfolding	(Li	et	al.	2001;	Wiggins	and	Munro	1998).	However,	some	local	structural	changes	around	the	DXD	motif	have	also	been	reported	when	it	was	mutated	(Zhang	et	al.	2001).	From	these	previous	reports,	and	the	similar	levels	of	expression	of	the	XXT2	mutants	(Figure	7B),	it	is	plausible	that	the	mutations	do	not	have	an	effect	on	XXT2	folding,	however,	further	detailed	studies	are	needed	to	confirm	this.		Previous	 studies	on	GTs	have	also	demonstrated	 that	 the	divalent	 cation	 is	additionally	 coordinated	 by	 a	 closely	 localized	His	 residue	 (Lobsanov	 et	 al.	 2004;	
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Zhang	 et	 al.	 2007).	 In	 XXT2,	 mutation	 of	 the	 His378	 residue	 to	 Ala,	 Tyr,	 or	 Glu	resulted	 in	 complete	 inactivation	 of	 the	 enzyme.	 Glu	 was	 selected	 in	 an	 effort	 to	introduce	a	negatively	charged	carboxylate	group,	which	was	anticipated	to	interact	with	 the	 divalent	 cation	 similar	 to	 the	 Asp	 carboxylate	 groups	 in	 the	 DXD	motif.	However,	this	mutant	showed	no	catalytic	activity.	These	results,	together	with	the	results	 obtained	with	 the	mutants	 in	 the	DXD	motif,	 demonstrate	 that	 the	 proper	coordination	of	the	divalent	cation	is	critical	for	XXT2	activity.	All	 Lys207	 mutants	 of	 XXT2	 analysed	 in	 this	 study	 were	 inactive.	 In	 the	A64Rp	 structure,	 which	 was	 found	 to	 bind	 only	 UDP-Glc,	 the	 Arg57	 residue	 of	A64Rp	 was	 shown	 to	 interact	 with	 the	 carbon	 four	 hydroxyl	 group	 of	 glucose	(Zhang	 et	 al.	 2007).	 However,	 the	 model	 structure	 of	 the	 UDP-Xyl	 bound	 XXT2	protein	 indicates	 a	 possible	 interaction	 of	 Lys207	 with	 the	 hemi-acetal	 oxygen	between	 the	 first	 and	 the	 fifth	 carbon	 in	 the	 xylose	 ring	 (Figure	 6B	 and	Supplementary	data,	Figure	S5).	Positively	charged	residues	in	the	active	site	have	been	 shown	 to	 allow	GTs	 to	 remain	 in	 the	 “open”	 conformation	 as	 a	 result	 of	 the	mutual	 repulsion	 with	 other	 positively	 charged	 residues	 on	 a	 mobile	 loop.	 The	repulsion	of	these	positively	charged	residues	in	the	active	site	and	the	mobile	loop	is	neutralized	by	forming	ionic	interactions	with	the	negatively	charged	diphosphate	group	of	UDP	bound	to	the	active	site,	 inducing	a	conformational	change	of	the	GT	into	 the	 “closed	state”	 (Johal	et	al.	2014).	 It	 is	possible	 that	 the	positively	charged	side	chain	of	Lys207	which	resides	in	the	active	site	of	XXT2	functions	to	maintain	the	“open	state”	much	like	in	the	ABO(H)	GTs	described	above.	As	a	result,	the	XXT2	Lys207	mutants	may	reside	in	“closed	state”,	disallowing	UDP-Xyl	to	bind.	However,	
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the	K207R	mutant	did	not	have	catalytic	activity,	even	though	the	positive	charge	of	the	amino	acid	was	retained	(Figure	7).	This	indicates	that	the	function	of	Lys207	is	different	 from	 controlling	 the	 open-closed	 state	 of	 XXT2.	 The	 functional	 role	 of	Lys207	will	need	further	investigation	in	future	studies.		The	 F204A	 mutation	 resulted	 in	 a	 slight	 reduction	 in	 catalytic	 activity	compared	 to	 wild	 type	 XXT2,	 with	 protein	 activity	 further	 reduced	 in	 the	 F204H	mutant.	His54	in	A64Rp,	which	aligns	with	Phe204	of	XXT2,	forms	a	hydrogen	bond	with	 the	 carbon	 six	 hydroxyl	 of	 glucose.	 In	 the	 XXT2	 homology	model,	 Phe204	 is	positioned	about	7	Ǻ	away	 from	carbon	 five	of	xylose.	 It	 is	possible	 that	mutating	Phe204	 to	 His	 results	 in	 unfavourable	 interactions	 with	 nearby	 amino	 acids,	resulting	 in	small	 local	 conformational	changes,	whereas	mutating	 to	Ala	does	not	have	this	affect.	Further	work	is	needed	to	confirm	this.	
	
Conclusions	Plant	 polysaccharide	 synthesizing	 GTs	 have	 been	 extensively	 studied	 to	elucidate	 their	 function,	 yet	 there	 is	 currently	 little	 information	 about	 their	structures	 and	 the	 residues	 involved	 in	 substrate	 binding	 and	 catalysis.	 Here,	we	report	 a	 homology	 model	 built	 to	 predict	 a	 3-D	 structure	 of	 the	 XXT2	 catalytic	domain	and	to	reveal	amino	acids	involved	in	catalytic	activity,	which	were	verified	using	site-directed	mutagenesis.	Molecular	dynamics	simulations	revealed	that	 the	homology	model	 is	 indeed	 able	 to	 retain	 the	 GT-A	 fold	 of	 the	 template	 structure	used	to	build	the	homology	model	thus	indicating	that	XXT2	likely	has	a	GT-A	fold.	Six	 amino	 acids	were	 identified	 to	 contribute	 to	 the	 in	vitro	activity	 of	 XXT2.	 The	
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amino	 acids	 predicted	 to	 be	 involved	 in	 the	 coordination	 of	 the	 manganese	 ion,	Asp228,	 Asp230,	 and	 His378,	 are	 critical	 for	 XXT2	 activity	 as	 demonstrated	 by	obtaining	mutants	either	inactive	or	with	severely	reduced	activity	for	all	mutations	investigated.	In	addition,	Lys207	was	also	found	to	be	critical	for	activity	and	may	be	involved	 in	 the	 binding	 of	UDP.	 Substitutions	 of	 Phe204	had	 less	 impact	 on	XXT2	activity	with	the	largest	effect	when	a	polar	residue	replaced	the	hydrophobic	Phe.	This	 is	 the	 first	reported	study	 investigating	the	amino	acids	 involved	 in	substrate	binding	by	plant	xylosyltransferase	 involved	 in	XyG	biosynthesis.	This	 information	will	 aid	 in	 future	 work	 in	 order	 to	 understand	 the	 mechanisms	 of	 plant	polysaccharide	biosynthesis,	and	will	further	aid	in	engineering	plant	cell	walls	for	efficient	 biofuel	 production	 and	 the	 production	 of	 novel	 polysaccharide-based	composites	for	industrial	and	medical	applications.		
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